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ABSTRACT 

In the rapid advancement of science and technology now-a-days the use of the 

metals and metallic alloys are more diversified as such the Titanium alloys are used 

significantly in the field of aerospace, biomedical and automotive industries because of it’s 

good strength to weight ratio and corrosion resistance. However it has been observed that, 

it is very difficult to machine the Titanium alloys due to their poor machining ability. 

Titanium alloys have low thermal conductivity, low elastic modulus, maintenance of high 

hardness at elevated temperature and high chemical reactivity with many cutting tools. All 

these factors result in rapid tool wear, low material removal rate (MRR) and degradation of 

surface integrity of machined parts.A number of experiments and investigations have been 

made by the several researchers to machine the titanium alloy Ti-6Al-4V in dry cutting 

condition .In dry cutting, absence of cutting fluid causes limitation in the cutting speed 

which may results in high temperature, rapid tool wear and degradation of work piece 

surface integrity. The cryogenic cooling maintains low surface temperature and pollution 

free environment but additional equipment and price of nitrogen gas make it costly. 

On the other hand, flood cooling and MQL is suitable at low cutting speed which 

gives low MRR and it is not environmental friendly as well. It is obvious that the applied 

coolant cannot enter the exact location of tool-work interface in flood cooling and MQL 

condition. To mitigate this problem, high pressure coolant (HPC) technique have been 

applied by many researchers by applying the HPC jet into the chip and tool work interface 

which allows high cutting speed and results better tool life and surface finish. However as 

on today very little work has been carried out by using of HPC jet into the chip and tool-

work interface and principle cutting edge at a simultaneously. 

Considering the above facts the Ti-6Al-4V alloy is machined in a better way by 

using the HPC jet with a view to control the high cutting temperature, minimizing the 

cutting force, extend the tool life and improving the surface roughness.  In this regard a 

HPC nozzle is developed which will be able to maintain uniform pressure and spray HPC 

jets at the chip-tool and work-tool interface simultaneously. It was observed that the 

specialized HPC nozzle for turning of Ti-6Al-4V alloycan bring forth better performance 

when compared with dry turning.   
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Chapter-1 
 
 
 

Introduction 

1.1 Introduction 

Metal cutting process consists in removing a layer of metal from blank to obtain a 

machine part of required shape and dimensions and with specified quality of surface finish. 

To perform the operation, relative motion is required between the tool and work piece. 

Relative motion primarily can be achieved in metal cutting process by obtaining motion on 

work piece or on cutting tools which is called“Cutting speed” and a second motion called 

“feed”. The profile of the tools and its penetration to the work piece surface combined with 

the above mentioned motion, produce the desired shape of the work surface. Machining 

plays important role in producing product from different types of material ranging from 

soft to hard.  

Because of their high specific strength and exceptional corrosion resistance, 

titanium alloysare widely used in the engineering field, namely in the aerospace, 

automotive and biomedical parts.  Inmany applications, thesematerials replace steelsand 

aluminum alloys,which usually results inweightand/or space saving, increase of system 

efficiency by rising the service temperature, and removal of need of protective coatings 

that should be used in steels. 

According to Child et al.[2000], themost commonmetalshaping technology 

includes turning, milling and drilling. On the other hand, the fabricated parts for high tech 

industries require, generally, high dimensional accuracy and good surface integrity, being 

the machining an essential production process for reaching these requirements. However, 

machining titanium alloys is not easy. The low thermal conductivity, low elastic modulus, 

maintenance of high hardness at elevated temperatures, and high chemical reactivity are 

the main factors forlow machinability of those alloys. These factors may result in rapid 

tool wear, lowmaterial removal rate (MRR), and degradation of surface 
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integrityofmachined parts.Titanium alloy is very hard material and it is very difficult to 

machine due to following reasons:  

 Titanium is a poor conductor of heat. Heat, generated by the cutting action, 

does not dissipate quickly. Therefore, most of the heat is concentrated on 

the cutting edge and the tool face. 

 Titanium has a strong alloying tendency or chemical reactivity with material 

in the cutting tools at tool operating temperatures. This causes galling, 

welding and smearing along with rapid destruction of the cutting tool. 

 Titanium has a low modulus of elasticity, thus it is more “springy” than 

steel. This means that the work-piece tends to move away from the cutting 

tool unless heavy cuts are maintained. Slender parts tend to deflect under 

tool pressure and this can cause chatter, tool rubbing and hence tolerance 

problems. Rigidity of the entire machining system is consequently very 

important, as is the use of sharp, properly shaped cutting tools. 

 Titanium’s work-hardening characteristics are such that titanium alloys 

demonstrate a complete absence of “built-up edge” (BUE). Because of the 

lack of a stationary mass of metal ahead of the cutting tool, a high shearing 

angle is formed. This causes a thin chip to contact a relatively small area on 

the cutting tool face and results in high loads per unit area. These high 

forces, coupled with the friction developed by the chips it passes over the 

cutting area, result in a great increase in heat on a very localized portion of 

the cutting tool. All this heat (which the titanium is slow to conduct away), 

and pressure, means that tool life can be short, especially as titanium has a 

tendency to gall and weld to the tool surface. 

 In dry condition, when cutting titanium, as cutting speed increases, tool life 

dramatically decreases, for reasons outlined above. Thus although the basic 

machining properties of titanium metal cannot be altered, their effects can 

be greatly minimized by decreasing temperatures generated at the tool face 

and cutting edge. The temperature of these area can be reduced by using the 

coolant which will dissipate heat from that area as such reduce the tool 

wear, improve the surface roughness. The coolant can be used in form of 

flood cooling, minimum quantity lubricant (MQL), water vapor, cryogenic 
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cooling and high pressure coolant (HPC). In flood cooling method the 

coolant is delivered with a low pressure pump and flooded in general 

cutting area, which is effective when machining at low cutting speed. Water 

vapor is based on directing a little amount of water and soluble oil to the 

cutting edge, which allows reducing the temperature, surface roughness, and 

cost. Disadvantage of this technique include health hazard as a result of mist 

generation. The cryogenic cooling maintains low surface temperature and 

pollution free environment but additional equipment and price of liquid 

nitrogen make it costly. On the other hand, MQL machining is suitable at 

low cutting speed which gives low material removing rate (MRR) and it is 

not environmental friendly as well. HPC, water jet is not only economical, 

environmentally compatible, and health friend lubrication technique for 

machining, but also reduce cutting force and extend tool life. With this 

technique the cutting  fluids is supplied under high pressure and very close 

to the critical point on the secondary shear zone, which allows high  cutting 

speed, adequate cooling, and excellent chip breakability and removal. 

Several strategies have been used with some success in the development of 

machinability of titanium alloys and other materials, namely the optimization of cutting 

parameters, chip breaking, tool vibration, cryogenic cooling, minimum quality lubricant 

(MQL), high pressure coolant (HPC) and others. Numerous literatures have been 

dedicated, fully or partially, to the state of the art of titanium machining, including books, 

thesis and review papers, among others. However, new applications and machining 

technologies for titanium alloys are continuously being developed by worldwide 

researchers. A brief review of some of the attractive and significant contributions in the 

closely related areas is presented in this section. This chapter also provides the background 

information relevant to this research.  

1.2 Literature Review 

Numerous researches and studies have been done on machining of titanium alloy 

all over the world by various researchers. Cutting forces, cutting temperature, chip tool 

interaction, dimensional accuracy, surface integrity and quality, chip morphology, wear 

and life of the cutting tool in different cutting conditions are the main concerns in the 

research and investigation done so far on different types of machining operations of 
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titanium alloy.While lubrication is necessary in controlling friction and by consequence 

the heat generation, more cooling is required in cases where heat generation considerably 

affects the machining quality, and where more temperature control is needed. These high 

temperatures are due to the fact that nearly all work done in a machining process is 

transformed into heat. In a metal cutting operation, the primary heat source is the result of 

the plastic deformation work at the shear plane, the boundary between deformed and 

undeformed material. The secondary heat source is located at the tool-chip interface, as a 

result of the secondary plastic deformation work, as well as friction. A tertiary heat source 

could result from friction at the tool flank-workpiece interface, such as the case of a worn 

tool edge [Abukhshim et al. 2006]. In machining process, the tool removes material from 

the surface of a less resistant body, through relative movement and application of force. 

The material removed called chip slides on the face of tool submitting it to high normal 

and shear stresses and moreover to a high coefficient of friction during chip formation. 

Most of the mechanical energy used to form the chip becomes heat, which generates high 

temperatures in the cutting region. A major portion of the energy is consumed in the 

formation and removal of chips. The greater the energy consumption, the greater the 

temperature and the frictional force at the tool-chip interface and consequently the higher 

is the tool wear. For this reason, conventional coolant is often used on the cutting tool to 

prevent overheating. However, the main problem with conventional coolant is that it does 

not reach the real cutting area [Werthem1992]. Moreover because of having high 

temperature conventional cutting fluids evaporates before reaching the cutting zone [Dhar 

and Kamruzzaman 2009]. However HPC allows coolant to reach close to the cutting 

zone providing effective cooling.  

1.2.1 Cutting Fluid Used in Machining  

In the last decades a lot has been discussed about the suitability of using cutting 

fluid in abundance to cool and lubricate machining processes. The use of cutting fluid 

generally causes economy of tools and it becomes easier to keep tight tolerances and to 

maintain workpiece surface properties without damages. High temperature in cutting zone 

has been traditionally tried to be controlled by using cutting fluids. The coolant effect 

reduces temperature in cutting zone and the lubrication action decreases cutting forces. 

Thus the friction coefficient between tool and chip becomes lower in comparison to dry 

machining [Çakır  et  al. 2004, El Baradie 2007]. The aims of cutting fluid applications 
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were determined as cooling and lubrication in metal cutting. In addition, cutting fluids can 

help to disposal of the chips from hole and control chip formation. Because they decrease 

contact length between chip and tool, and this situation has a positive effect on chip 

breaking. Thus, they can help to achieve better tool life [Yildizet. al. 2007, Stanford et al. 

2007]. As cutting fluid is applied during machining operation, it removes heat by carrying 

it away from the cutting tool/work-piece interface [Silliman and Perich 1992]. This 

cooling effect prevents the tool from exceeding its critical temperature range beyond 

which the tool softens and wears rapidly [Bienkowski 1993]. Cutting fluids are used 

throughout industry in many metal cutting operations and they are usually classified into 

three main categories: neat cutting oils, water-soluble fluids and gases [Braz 2001]The 

three categories of the cutting fluids all have the generic characteristics required to 

enhance the cutting process. Yet they possess some different attributes that are related to 

their physical estate conditions too. The major needs in machining are high material 

removal rate, good work surface finish and low tool wear. These objectives can be 

achieved by reducing tool wear using proper cooling system of the tool during machining. 

The main objective of using cutting fluids in machining operations is the reduction of 

temperature in the cutting region to increase tool life. The cutting fluids are used in 

machining operations in order to  

 reduce friction at the tool-chip and tool work-piece interfaces,  

 cool both chip and tool, and  

 remove chip 

Furthermore, machining with coolant has effect on surface finish and tool 

wear[Muthukrishnan and Davim, 2011]. The positive effect of the use of fluids in metal 

cutting was first reported in 1894 by F. Taylor, who noticed that by applying large 

amounts of water in the cutting area, the cutting speed could be increased up to 33% 

without reducing tool life. Since then, cutting fluids have been developed resulting in an 

extensive range of products covering most work-piece materials and operations. According 

to Kress [1997], the costs associated with the use of cutting fluids represent approximately 

17% of the finished work-piece cost against 4% spent with tooling. Kwon [2000] studied 

flank wear by incorporating cutter temperature and physical properties of coating and work 

materials and stated use of cutting fluid has a positive impact on flank wear but the flood 

cooling method also reduces the effectiveness of the cutting fluid as too little amount of 
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the cutting fluid reaches the tool workpiece interface.Thus it is recommended that proper 

amount of cutting fluid as well as certain attributes of the cutting fluids is also necessary to 

provide the required cooling during the machining process. 

Proper selection and application of cutting fluid generally improves tool life. At 

low cutting speed almost four times longer tool life was obtained by such cutting fluid 

[Satoshi et al. 1997] althoughit was observed that the surface finish did not improve 

significantly. The main disadvantage of using cutting fluid is that it is health hazardous as 

a result of mist generation during machining[Ezugwu et al. 2003, Ahmad 2009]. 

Recently, various cooling-lubrication techniques have been developed to improve 

the machinability of titanium, nickel alloys and some other materials [Sharma et al. 

2009]. High-pressure jet-assisted cooling (HPJAC) is one of the main methods that aims to 

increase machining performance by using the thermal and mechanical properties of high-

pressure jet water or emulsion injected into the cutting zone [Çolak, 2013]. The 

application of a high-pressure water jet to the tool-chip interface during the machining of 

titanium, nickel alloys, in particular, which have superb properties has significant benefits 

in terms of machining performance, such as providing control of the chip shapes, better 

chip breakability, improved chip removal, considerably reduced temperatures in the 

cutting zone, resulting in prolonged tool life (5 to 15 times) [Palanisamy et al.2009, 

Ezugwu and Boony, 2004]. It can also improve the surface integrity of workpieces 

[Ezugwu et al. 2007]. Additionally, HPJAC enhances production efficiency compared to 

conventional cooling by increasing the cutting speed [Courbon et al. 2009]. Çolak et 

al.[2013] studied the machinability of Inconel 718 under conventional and high pressure 

cooling conditions at various cutting speeds, feed rates, depths of cut, and pressure levels 

with a coated carbide cutting tool. He found that the injection of high-pressure coolant to 

the tool-chip interface reduces cutting force components, provides desirable chip 

breakability and lower cutting tool wear, especially flank face wear, due to the efficient 

lubrication and cooling than conventional cooling. Palanisamy et al. [2009] conducted an 

investigation on HPJAC in the turning of Ti-6Al-4V alloy. A series of experiments were 

carried out at various cutting parameters and pressure levels with uncoated straight 

tungsten carbide inserts. The investigation showed that the application of high-pressure 

directly on the tool-chip interface provides smaller chips due to the mechanical effect of 

high pressure, which generates a more efficient chip evacuation process. They also found 
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that HPJAC increases tool life by almost three times in comparison to conventional 

cooling. 

1.2.2 Machining of Titanium Alloys 

Veigaetal. [2013] state that dry cutting minimizes environmental pollution, health 

risk for machine operator and thermal shock in interrupted cutting. But theabsence of 

cutting fluids causesmore limitation in the cutting speedand may results in high cutting 

temperature, rapid tool wear, anddegradation of workpiece surface 

integrity.Narasimhuluetal. [2012] found thatTi-6Al-4V machining using PVD coated 

TiAlN inserts, the dry environment is best suited environment for the selected process 

parameters. Such detailed experimental work enable researchers to choose the optimized 

process parametric conditions including cutting tool geometry (rake angle mainly) to 

machine Ti alloy material effectively and efficiently without sacrificing on the material 

removal rate. 

Canteroet al. [2005] focused on dry drilling of alloy Ti–6Al–4V, studying tool 

wear evolution, and quality of machined holes andsurface integrity after machining. Two 

different drillingconditions were analyzed in order to observe the effect ofheat 

accumulation in the drill and work-piece.  

 Condition-I, machining with a pause between each hole to cool the drilland 

the work-piece, and  

 Condition-II, machining series of eight holes without pause. Moderate 

cutting parameterswere selected defined from preliminary tests. 

Summarizing, selected carbide tool allows to machine in dry conditions, with 

moderate cutting parameters anelevated number of holes, without an important variation in 

the drill geometry. Cutting time up to drill failure isspecially increased when holes were 

machined with a pausebetween each hole to cool the drill. However, depending onthe 

application of the machined component, materialdamage could be more restrictive than 

tool wear, and toollife criterion should be established from the point of view ofcontrolled 

damage in work-piece.Surface integrity controls often result in increasedmanufacturing 

costs and decreased production rates. Theauthors are working in the development of a 

system able tocarry out this control in industrial process. As temperaturedue to machining 

process is the most important magnitude affecting material damage and tool wear, the 
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developmentof instrumentation systems to measure temperature in zonesclose to cutting 

edge would be an important future work. 

Turnadet al. [2008] while milling titanium alloy Ti-6Al-4V under dry condition, 

investigated tool wear morphology and chip segmentation and found that: 

 Abrasion/attrition, plastic deformation and diffusion wear rare the most 

cases which are observed. Furthermore, in the case of medium cutting 

speed, low feed and axial depth of cut, abrasion/attrition wear is occurred 

close to the rake face. 

 At higher cutting speed and feed, wear mainly consists of non-uniform wear 

due to plastic deformation at the nose section. Combination of high cutting 

speed and feed substantially increase the stress near the nose and flank 

zone, generates high temperature and encourages high wear rate. 

 Both primary and secondary serrated teeth are formed in end milling of 

titanium alloy Ti-6Al-4V using uncoated WC-Co inserts. The peak to valley 

ratio of chip segmentation can be introduced to investigate the stability. 

Ramanaet al. [2012] conducted experimental investigations on machining of Ti-

6Al-4V alloy under different machining environmental conditions such as dry, palm oil, 

mixture of palm oil and boric acid lubricant in terms of surface roughness. He has made an 

attempt to evaluate the performance of palm oil and palm oil with boric acid as solid 

lubricant on turning of Ti-6Al-4V alloy. Based on the results of the present experimental 

investigations, the following conclusions are drawn:  

 It is found that cutting fluid has considerable influence on surface 

roughness. 

 Machining with palm oil is found to be better than dry and palm oil with 

solid lubricant boric acid as cutting fluid. 

 The optimal and best combination values for minimizing surface roughness 

are palm oil, cutting speed at 79 m/min, feed rate at 0.206 mm/rev, depth of 

cut at 1.0mm and CVD coated tool. 

 Using ANOVA, the individual factor effects are found out and significant 

factors concluded that the effect of feed rate is more followed by coolant 

condition, tool material, speed and depth of cut for surface roughness. 
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 The interaction between Type of machining environment with Cutting 

speed (m/min), Feed rate (mm/rev), Depth of cut, Type of Tool material are 

also found to be significant. 

 The confirmation experiments have shown that Taguchi parameter design 

can successfully use for optimization of cutting parameters. The validation 

experiment confirmed that predicted model is adequate for determining the 

optimum quality characteristics at 95% confidence level. 

Balazic and Kopac[2010] found that, turning Ti-6Al-4V with lubricant we 

achieve a 40% longer tool life expectancy than at turning in dry conditions. The crater 

wear was visible after 10 minutes of turning time and wasfar more intense with cutting in 

dry conditions than with cutting with lubricant. Tool wear appeared constantly in the first 

10 minutes of turning. After that it increased rapidly to the point of critical tool wear due 

to material properties of titanium alloy Ti-6Al-4V. After 15 minutes this wear was so 

intense that the tool is worn out over the elimination criteria which is VBmax = 0.3 mm. 

Such a wear mechanism is typical for titanium alloy due to its affinity to adhesion wear at 

higher temperatures which appear in the cutting zone. Cutting speed used for cutting with 

coated carbides cutting tool is around 60 m/min which is the optimum setting for this tool-

material combination. The feed rate has the strongest influence on the tool wear 

appearance. Turning ofTi-6Al-4V testing probes manufactured with LENS technology 

proved that we can reach the same or even better results regarding chip formation and 

surface roughness as with turning “classical" Ti-6Al-4V testing probes. This enables 

effective final machining processes to reach final shape and dimension tolerances of the 

products made with LENS technology. 

Yasaet al. [2012] concluded thatcryogenic cooling, an environmentally 

safealternative to conventional emulsion cooling, is an efficient way of maintaining the 

temperature at the cutting interface well below the softening temperature of the cutting tool 

material. Theoretically, this would increase the machinability of difficult-to-cut aerospace 

materials like Ti and Ni-based super alloys. Additional equipment and high cost of liquid 

nitrogen are the main disadvantages of cryogenic cooling. However, as many researchers 

point out, compared to conventional cooling, with cryogenic cooling better tool lives are 

obtained with modified tool inserts that optimize the frictional and thermal properties. 

Some aspects of the technology, yet, limit its use in real industrialapplications other than 
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laboratory machines, such as safety issues regarding handling liquid and gas nitrogen, 

workpiece cooling leading to unsatisfied tolerances for in-cutting measurements and size 

of the cryogenic setuptobe able to access internal diameters.  

Rui et al. [2014] studied the cutting properties of Ti-6Al-4V under cryogenic 

cooling and found that the effect of liquid nitrogen cooling, serrated chips produced by 

cutting Ti-6A-4V compared to dry cutting is more intensive, and this is conducive to the 

chip curl and chip breaking, reducing friction between the chip and the rake face, helping 

improve the surface quality. The cutting force increases slightly when the titanium alloys 

is cooled by outside spray liquid nitrogen. Since the cooling lead to the changes in material 

intensity, its main cutting force has increased slightly compared to dry cutting, where rake 

face cooling rising 10.2%, flank face cooling rising 13.3%. Liquid nitrogen cooling can 

effectively reduce the average temperature of the tool, the cooling effect on rake face is 

better than flank face, but the maximum temperature of the surface is less affected. 

Saini[2014] took an effort to find the optimal parametric combination of 

ultrasonic machining process for MRR and tool wear rate (TWR) on Ti-6Al-4V alloy with 

cryogenic treated tool material. He found that abrasives play a most significant parameter 

for MRR. MRR increases with the use of boron carbide as compared to aluminum alloy 

and silicon carbide as abrasive because of high hardness of grains which results faster  

Ramanaetal.[2012] investigated effect cutting fluid and optimization of process 

parameters in order to reduce surface roughness under dry, flooded and MQL conditions 

and found that the cutting performance of MQL condition showed better results compared 

to dry and flooded conditions in reduction of surface roughness. Using Analysis of 

Variance (ANOVA) the individual factor effects are found out and concluded that the 

effect of feed rate is more on the surface roughness for all lubrication conditions compared 

to other factors.  The analysis of conformation experiments has shown that Taguchi robust 

design methodology can successfully verify the optimum cutting parameters. The values 

obtained from ANOVA using robust design methodology are compared with the ANOVA 

from Minitab software. Hence, for all the cases i.e. dry, flooded and MQL conditions the 

values obtained are same in both Taguchi robust design methodology and Minitab.  

Ahsanetal.[2012]used two different types of carbide inserts for machining 

titanium alloy Ti-6Al-4V  with varying cutting speeds to understand the effect of cutting 
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speed on tool life. The findings of the investigation was concluded that cutting speed is no 

doubt a significant factor in assessing the tool life and it is true for both of coated and 

uncoated carbide inserts. As the cutting speed increases, the tool life decreases very 

sharply.  At lower cutting speeds, the uncoated carbide tool life is better in comparison 

with the tool life of coated ones while machining by using cutting fluid. As the uncoated 

carbide tools are cheaper, it will be more economical to use them at lower speed values.  

The carbide inserts have a self-sharpening tendency at lower speeds which is more 

significant in uncoated carbide tools. Consequently, the surface finish improves after 

machining a while. As the cutting speed increases, the surface roughness value (Ra) 

decreases gradually. Hence for better surface finish, higher cutting speeds are 

recommended but it will shorten the tool life. Tool life is highly dependent on the 

application of proper cutting fluid. If the flow of cutting fluid is stopped, the tool fails very 

shortly. Hence wet machining is safer as compared with the dry machining and it is more 

sustainable.  Though the coated carbide inserts last comparatively longer than the uncoated 

ones, it is not economical to use any of the carbide inserts at high cutting speed. The tool 

life may be acceptable up to cutting speed approximately 130 m/min. Hence it is not 

recommended to use carbide inserts any speed higher than that value. 

Paul et al. [2001] found that conventional coolant method as based on a flooding 

system is not always effective as the coolant often fails to penetrate into the tool chip 

interface during the machining process Metal cutting fluids changes the performance of 

machining operations because of their lubrication, cooling, and chip flushing functions. 

Typically, in the machining of hard material like titanium alloy, no cutting fluid is applied 

in the interest of low cutting forces and low environmental impacts. On the other hand 

minimum quantity lubricant (MQL) is suitable for low cutting speed which gives low 

MRR and it is not environmental friendly as well.  

Dhar and Kamruzzaman[2009] conducted an experiment by turning 17CrNiMo6 

and 42CrMo4 under dry and high pressure cooling conditions. It was reported that high 

pressure cooling enable to reduce cutting temperature up to 25% depending upon process 

parameters. High pressure coolant reduced friction, built-up-edge formation, thermal 

distortion of the tool and work. It was observed that high pressure coolant reduced the 

flank wear, thus the tool life was improved. Better surface finish was obtained under high 

pressure cooling condition due to reduction of wear and damage at the tool tip. 
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[Kovacevicet al. 1995] investigated the effect of high pressure coolant/lubricant in 

improving the thermal/frictional conditions in milling operations. A high pressure water jet 

was used during the investigation. Application of cutting fluid at high pressure enhanced 

the effectiveness of cutting performance and led to the reduction in the quantity of cutting 

fluid and reduction in the amount of disposal which is a primary concern of Environmental 

Protection Authorities (EPA). From this investigation, it was also evident that applying 

cutting fluid in the form of a jet at higher pressures into the cutting zone is more beneficial 

than conventional fluid application techniques such as flood cooling. If the coolant is 

applied at the cutting zone through a high speed nozzle, it could reduce the contact length 

and co-efficient of friction at chip-tool interface and then cutting force and temperature 

may be reduced and tool life can be increased [Mazurkiewicz et al. 1998, Kumar et al. 

2002]. High-pressure is often the solution to get the coolant to the target so it can cool, 

lubricate, and sometimes perform its third function, breaking chips that do not break neatly 

with ordinary machining processes [Lacalle et al. 2001]. Concern for the environment, 

health and safety of the operators, as well as the requirements to enforce the environmental 

protection laws and occupational safety and health regulations are compelling the industry 

to consider a high-pressure coolant (HPC) machining process as one of the viable 

alternative instead of using conventional cutting fluids. The above discussions indicate that 

the use of HPC leads to reduced surface roughness, delayed tool flank wear, and lower 

cutting temperature, while also having a minimal effect on the cutting forces. 

1.2.3 Application of HPC in MachiningTi-6Al-4V  

The following sections review the recent studies on the application of HPC 

machining in drilling, milling, turning, and grinding, comparing the HPC machining 

performance with conventional flood lubrication, dry, MQL and cryogenic machining. The 

performance is evaluated by comparing cutting temperatures, cutting forces, tool wear, and 

machining quality under the different machining conditions. Çolak [2013] has drawn the 

following conclusion while turning the Ti6Al4V alloy by using HPC: 

 Feasible regions in HPC conditions are smaller than that in conventional   

cooling, because of the increasing effect of HPC on surface roughness. 

 He found that there are no significant change optimization results, Pc, in 

all the cooling conditions. This is due to the fact that high pressure cooling 
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has not considerably influenced the main cutting forces in this set of 

experiment. 

 Although the optimum cutting parameters and its responses are quite 

similar, tool life is remarkably different in each cooling condition. Tool 

life is about 47% to 112% higher than conventional cooling in P = 150 and 

300 bar, respectively. 

 The application of high pressure cooling during the machining of hard-to-

cut materials supports sustainability in manufacturing by increasing tool 

life, thus resulting in lower machining cost. 

Dhar and Kamruzzaman [2009], whileturning17CrNiMo6 and 42CrMo4 steels 

with HPC, conclude that application of HPC along auxiliary cutting edge over the rake 

face of the tool forms a cushion layer by oil film that reduces friction at the tool-chip 

interface. Oil film prevents intimate contact between the tool and chip at the interface. Oil 

enters into the interface and significant reduction of temperature occurs while turning. The 

performance of high-pressure coolant machining is advantageous over dry machining 

because high pressure cooling maintains the sharp cutting edge for prolonged time of 

machining. High-pressure coolant enables reduction of cutting temperature up to 25% 

depending upon process parameter. High-pressure coolant enables considerable reduction 

in the cutting zone temperature and favorable change in the chip-tool and work-tool 

interactions, which helps in reducing friction, built-up edge formation, thermal distortion 

of the tool and the work. It reduces flank wear of the cutting tool and improves tool life. 

Surface finish is improved significantly by high pressure coolant in turning alloy steels. 

Surface finish is improved mainly due to reduction of wear and damage at the tool tip by 

the application of high pressure coolant.   

Dhar et al.  [2007] while machining the42CrMo4 STEEL by uncoated carbide 

inserts found that HPC jet not only reduces chip-tool and work-tool interface temperature 

but also reduces the heat generation by its effective oil film lubrication under all the 

investigated speed-feed combinations.HPChas significantly reduced flank wears as a result 

improved tool life. After machining 14 and 20 minutes with SNMG insert under dry and 

HPC condition respectively, severe spark is observed and cutting tools undergo severe 

plastic deformation as well as rapid tool wear. Surface finish improves under HPC 

condition in turning 42CrMo4 steel. Efficient chip removal, heat reduction and lower wear 
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rates on the auxiliary flank helps in reduction of surface roughness. Also surface roughness 

grows slowly with machining time under HPC condition.HPC takes away the major 

portion of heat and provides remarkable benefit in respect of controlling the thermal 

expansion of the job as a result decrease in dimensional deviation desirably with 

machining time. 

Vosough[2005]shown that the high-pressure water-jet assisted machining of 

titanium alloys is beneficial. It reduces shear forces in the secondary cutting zone along the 

tool/chip interface, reduces the cutting force and introduces compressive residual stress in 

the finished work-piece. The presence of compression residual stresses leads to a better 

surface integrity and consequently improves the properties of work metals such as fatigue. 

Abu Bakar[2013] concludes that machining Ti-6Al-4V Titanium alloy under high 

pressure water jet assisted machining (HPWAM) gave better cutting performance of up to 

195% improvement over machining with conventional coolant supply. The predominant 

wear mechanisms when machining under the cutting conditions are abrasive and adhesive 

wear. Surface roughness values recorded when machining Ti-6Al-4V alloy under the 

cutting conditions are generally below the 1.6µm rejection criterion. The HPWAM 

significantly reduces the chip size, resulting in a reduction in the tool-chip contact and 

improvement in lubrication at the contact interfaces.  

Fadare et al.[2009] found that tool life decreases with increase in cutting speed for 

both conventional and high-pressure cooling. A 2-fold increase in tool life was obtained at 

lower speed of 80 m/min for 70 bar coolant pressure compared to conventional cooling, 

while a 4-fold and 5-fold increase were obtained at higher speed of 110 m/min with 110 

and 203 bar, respectively. He also found that the optimum coolant pressure, corresponding 

to the minimum wear rate was identified as 110 bar.  

Egugwuet al. [1997] stated that, titanium and its alloys are considered as difficult 

to cut materials due to the high cutting temperature and the high stresses at close to the 

cutting edge during machining. The high cutting temperature is due to the heat generated 

during machining (catastrophic thermoplastic shear process), the thin chips, a thin 

secondary zone, a short chip-tool contact length and the poor heat-conductivity of the 

metal, whilst the high stresses are due to the small contact area and the strength of titanium 

even at elevated temperature. Straight grade (WC/Co) cemented carbides are regarded as 
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the most suitable tool material available commercially for the machining of titanium alloys 

as a continuous operation. The C-2, identical to ISO K20, is the best carbide grade. High-

speed steel tools are also very useful for some interrupted cuts, but the development of 

new tool materials is still required. Cutting tool materials undergo severe thermal and 

mechanical loads when machining titanium alloys due to the high cutting stresses and 

temperatures near the cutting edge, which greatly influence the wear rate and hence the 

tool life. Flank wear, crater wear, notch wear, chipping and catastrophic failure are the 

prominent failure modes when machining titanium alloys. Flank and crater wear may be 

attributed to dissolution-diffusion, attrition and plastic deformation, depending on the 

cutting conditions and the tool material, whilst notch wear is caused mainly by a fracture 

process and/or chemical reaction.  

He also state that as a basic rule, a cutting fluid must be applied when machining 

titanium alloys. The correct use of coolants during machining operations greatly extends 

the life of the cutting tool. Chemically active cutting fluids transfer heat efficiently and 

reduce the cutting forces between the tool and the workpiece. The machining methods 

used for titanium are essentially those that have been used since titanium became used 

widely in the early 1960s. However, some special machining techniques (such as the use 

of [edge tools and rotary tools and other non-conventional machining methods~ may be 

thought of as alternative methods to increase the metal removal rate in the production of 

titanium components, provided that the component geometry integrity permits this. Great 

care must be exercised to avoid loss of surface integrity in the machining of titanium, 

especially grinding, or a dramatic loss in mechanical behavior such as fatigue can result. 

Generally, the crack-free, compressive residual stress produced during machining gives 

excellent fatigue properties, whilst surface damage and a tensile residual-stress pattern will 

result in a dramatic loss in performance. 

Egugwu et al. [2005] observed that substantial improvement in tool life, between 

9 and 21 folds, can be obtained when machining Ti-6Al-4V alloy with PCD tools with 

high pressure coolant supplies relative to conventional coolant supply. The best results 

were encountered with 20.3 MPa of coolant pressure at lower speed conditions. There is 

however no significant difference in performance when machining at higher speed 

conditions in excess of 200 m/min.  Flank (and nose) wear are the dominant failure modes 

when machining the titanium alloy with PCD inserts using conventional and HPC supplies. 



 

16 
 

Adhesion and attrition are dominant wear mechanisms at the cutting conditions 

investigated. 

Muthukrishnan and Davim[2011] found that machining with coolant gives good 

surface finish compared with dry machining. Tool wear is less for TTI 15 ceramic insert 

under the selected cutting conditions under wet machining. Tool life is improved by 30% 

when machining with coolant. Surface finish improves generally, with increase in cutting 

speed with and without coolant. 

Ali et al.[2011]  state that when compared with dry cutting and conventional 

cooling, the most considerable characteristics of the cryogenic  cooling,  nitrogen  gas,  

and HPC application  in  machining operations could be determined as enabling substantial 

improvement in tool life and surface finish-dimensional  accuracy  through  reduction  in  

tool  wear  through  control  of  machining  temperature desirably  at  the  cutting  zone.  

This  type  of  cooling  has  been  executed  in  cutting  operations  in different ways by 

using liquid nitrogen and nitrogen gas for pre-cooling the work piece, cooling the chip, 

cooling the cutting tool and cutting zone. In these studies, comparisons and discussion 

have been  made between  conventional  cutting  strategies  and  liquid  nitrogen  and  

nitrogen  gas  cooling methods and found the importance of cooling during machining 

titanium alloys. Consequently, the conclusions  described  above  could  change  relating  

to  tooling  work  piece  pairs  and  cutting conditions. 

Patil et al.[2015] state that Coated carbide cutting tool gives maximum material 

removal rate with high pressure through spindle lubrication system. Rigid clamping is 

necessary for avoiding effect of low modulus of elasticity of Titanium alloy for chatter free 

surfaces. Lubrication system influences tool life, surface finish and metallurgy of 

workpiece. Cryogenic lubrication with high pressure through spindle gives segmentation 

of chip and avoid thermal gradient of cutting tool tip, high pressure easily flown out the 

chips from cutting area as result greater surface finish and tool life.  Surface finish is 

directly depending upon machining conditions. Good surface finish obtained at minimum 

depth of cut, maximum R.P.M., with low cutting speed in wet machining. Dry machining 

should be avoided for saving tool life and surface texture. 

1.3 Design of Experiment (DOE) 

Experimental design is a critically important tool in engineering for continuous 
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improvement of the performance of manufacturing process. Statistical experiments are 

generally carried out to explore, estimate or confirm [Jiju 2003]. Exploration consists of 

gathering and understanding data to learn more about the process or product 

characteristics. Estimation refers to determining the effects of process variables or factors 

on the output performance characteristic. This information is used to estimate the settings 

of factors to achieve maximum output. Confirmation implies verifying the predicted 

results obtained from the experiment. The application of experimental design is useful in 

all the above phases. A well designed experiment can ensure improved process outputs, 

reduced development time and reduction in overall cost. Traditional approach of 

experimental design is empirical in nature. In this approach one factor is varied at a time 

keeping all other variables in the experiment fixed. This approach depends upon 

guesswork, luck, experience and intuition for its success. Moreover, this type of 

experimentation required large resources to obtain a limited amount of information about 

the process. One Variable at a time experiments often are unreliable, inefficient, time 

consuming and may yield false optimum condition for the process. Statistical thinking and 

statistical methods play an important role in planning, conducting, analysis and 

interpreting data from engineering experiments. When several variables influence a certain 

characteristic of a product, the best strategy is then to Statistical design of experiment 

which can give valid, reliable and sound conclusions that can be drawn effectively, 

efficiently and economically [Jiju 2003]. 

1.4 Summary of the Review 

The most emerging needs of modern metal cutting operations are to increase the 

material removal rate with better surface finish and high machining accuracy. These 

objectives can be achieved by reducing cutting temperature in the cutting zone. A review 

of the study presents that the modern manufacturing industries are seeking manufacturing 

processes to increase the production rate without sacrificing quality. Time required for 

turning Ti-6Al-4V alloy under dry machining condition is long than the other operations 

thus various alternatives as cryogenic cooling, MQL, pulsed jet machining MQL and high 

pressure coolant (HPC) jets are being used frequently. These alternatives processes have 

shown significant improvement in terms of tool wear, temperature and cutting force under 

different cutting speed, depth of cut and feed rate. 
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HPC provides a better result than not only conventional flood cooling, but also 

from other cooling processes.  HPC jet provides a better cooling along with good surface 

finish and low cutting force. Although different combinations of cutting velocity, feed and 

depth of cut exhibits different qualities during surface turning, HPC has shown significant 

improvement over other processes. 

1.5 Objectives of the Present Work 

The objectives of the present work are:  

(a) Design and fabrication of suitable nozzle for effective and efficient cooling 

by impinging high velocity coolant jets simultaneously along the rake 

surface and the principle flank surface. 

(b)  Systematic experimental study on the effect of high pressure coolant jets 

on the machinability characteristics of Ti-6Al-4V alloy at different cutting 

velocities and feeds in terms of  

(i) form and geometry of the chips 

(ii) microstructural change in the chips 

(iii) cutting force and temperature 

(iv) extent of tool damage and tool life and 

(v) surface Finish 

(c) The result will be compared with dry and cryogenic cooling conditions. The 

expected result of this research work is to show the effects of HPC on chip, 

cutting force and temperature, tool wear and surface roughness, which will 

help to select different parameters in turning of Ti-6Al-4V alloy. 

1.6 Scope of the Thesis 

To stay ahead in the ever growing competition of the global world, all the 

manufacturing industries are seeking for better alternatives of the traditional machining 

process that can reduce the cost and have little impact on the environment. Increasing 

usage of the hard materials has also caused the increase of temperature during the 

machining process. The cutting temperature, which is the cause of several problems 

restraining productivity, quality and hence machining economy, can be controlled by the 

application of conventional cooling, precision cutting tools during dry machining or by 

application of V6-68 oil as coolant in HPC. Keeping this in view, the present research 
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work has been taken up to design and develop a special nozzle for impinging the HPC jets 

on the machining surface of Ti-6Al-4V alloyand explore the role of the special nozzle on 

the major machinability characteristics while turning Ti-6Al-4V alloyby coated carbide 

inserts under different machining conditions as well as to find the tool wear, surface 

roughness and cutting force in machining under different environmental condition. 

Chapter 1 presents the survey of previous work regarding general requirements 

in machining industries, technological-economical-environmental problems associated 

with the conventional cooling practices as well as dry machining practice and expected 

role of HPC in machining Ti-6Al-4V alloy. It presents specific objectives of this thesis 

work and also outlines the methods which have been followed to draw effective results 

that commensurate with the goals of the thesis. 

Chapter 2 presents the design and development of the specialHPC nozzle for 

delivering cutting fluid to the effective cutting zone. Commonly used DOE methods, steps 

to follow DOE method and Full factorial analysis, one of the powerful and popular DOE 

methods has been adopted to optimize the important parameters of the applicator are 

described in this chapter. 

Chapter 3 presents the material preparation steps and detail processes involved 

for bulk hardening of the sample workpiece for the experimental investigations. The 

delivery processes of the cutting fluid from the reservoir to the cutting zone through the 

nozzle are described in length. Complete experimental set up with experimental conditions 

are briefly described in this chapter. The experimental results in terms of surface 

roughness, cutting forces, temperature generated and tool wear are represented by different 

graphs. These responses are graphically presented to observe the behavior of the 

workpiece, cutting tool on different environment. Effects of HPC jets, relative to dry and 

cryogenic condition on surface roughness, tool wear and cutting forces in turningTi-6Al-

4V alloyof hardness about 45 HRC by coated carbide inserts (SNMG 120408 and 

SNMM120408)  under different cutting conditions are also discussed. 

Chapter 4 contains the detailed discussions on the experimental results, possible 

interpretations on the results obtained.Finally, a summary of major contributions, 

recommendation for the future work and references are provided at the end. 
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Chapter-2 

 
 
 

Design and Development of HPC Nozzle 

2.1 Introduction 

A major importance is given on the experimental design. The performance of the 

manufacturing process as well as its development depends on the experimental design in a 

large scale. Experimental design consists of planning, designing, conducting and analyzing 

and drawing reliable valid conclusions that can be later used in an effective manner. A 

number of statistical tools are used to explore, estimate or confirm the data acquired 

through the use of experimental design [Antony 2003]. Experimental design has proved to 

be very effective for improving the process performance and process capability. A 

structured approach is used to achieve the most reliable results possible with the minimum 

amount of wastage of time and money. This enables to have an overall view of the 

manufacturing process with a limited number of experiments. The information gained can 

be used to optimize a process and define which parameters need to be placed under the 

most influencing in order to maintain the repeatability of a process. The traditional 

approach of experimental design is empirical in nature. In this approach one factor is 

varied at a time keeping all other variables in the experiment fixed. This approach depends 

upon guesswork, luck, experience and intuition for its success. Moreover, this type of 

experimentation requires large resources to obtain a limited amount of information about 

the process. One variable-at-a-time experiments often are unreliable, inefficient, time 

consuming and may yield false optimum condition for the process. Statistical thinking and 

statistical methods play an important role in planning, conducting, analyzing and 

interpreting data from engineering experiments. When several variables influence a certain 

characteristic of a product, the best strategy is then the statistical design of experiment 

(DOE) which can give valid, reliable and sound conclusions that can be drawn effectively, 

efficiently and economically [Antony 2003].  
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Any experimental design has randomization as the first and basic principle. 

Randomization is a process of assigning specific treatments to the experimental units. This 

randomization attributes to equal possibilities of each allotment of the treatments. An 

experimental unit is the smallest division of the experimental material and a treatment 

means an experimental condition whose effect is to be measured and compared. The 

randomization is used to remove bias and other sources of extraneous variation which are 

not controllable. Moreover, randomization forms the basis of any valid statistical test. 

Hence the treatments must be assigned at random to the experimental units. 

Randomization can be done in a number of ways. It can be done by drawing numbered 

cards from a well-shuffled pack of cards, drawing numbered balls from a well-shaken 

container or even taking numbers from a table of random numbers. 

Replication is the second principle of any experimental design. This states a 

repetition of the basic experiment. In other words, it is a complete run for all the treatments 

to be tested in the experiment. In all experiments, some variations are introduced. This 

type of variations can be removed by replication. The experiments are to be performed 

more than once. An individual repetition is called a replicate. The number of replicates 

depends upon the nature of the experimental material. The increase in the number of 

replications tends to remove the errors caused by the variations. 

However, although randomization and replications are used to remove the 

extraneous sources of variation, it is not always possible to remove all the sources. Hence, 

a refinement in the experimental technique is required. In other words, a design is to be 

selected in such a manner that all extraneous sources of variation are brought under 

control. For this purpose, one has to make use of local control, a term referring to the 

amount of balancing, blocking and grouping of the experimental units. Balancing means 

that the treatments should be assigned to the experimental units in such a way that the 

result is a balanced arrangement of the treatments. Blocking means that similar 

experimental units should be collected together to form a relatively homogeneous group. 

Blocking reduces known but irrelevant sources of variation between units and thus allows 

greater precision in the estimation of the source of variation under study. The main 

purpose of the principle of local control is to increase the efficiency of an experimental 

design by decreasing the experimental error. Control in experimental design is used to find 

out the effectiveness of other treatments through comparison.  
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Orthogonally concerns the forms of comparison (contrasts) that can be 

legitimately and efficiently carried out. Contrasts that can be represented by vectors and 

sets of orthogonal contrasts are uncorrelated and independently distributed if the data are 

normal. Because of this independence, each orthogonal treatment provides different 

information to the others.  

In many fields of study it is hard to reproduce measured results exactly. 

Comparisons between treatments are much more reproducible and are usually preferable. 

Often one compares against a standard or traditional treatment that acts as baseline. The 

following steps are involved in the design of experiment: 

 Defining the objective of the experiment 

 Selection of the response or output 

  Selection of the process variables or design parameters (control factors) 

 Determination of factor levels and range of factor settings 

 Choice of appropriate experimental design 

 Experimental planning 

 Experimental execution 

 Experimental data analysis and interpretation 

2.2 Design of Experiment for HPC Nozzle 

Design of Experiments (DOE) is a methodology that can be effective for general 

problem-solving, as well as for improving or optimizing product design and manufacturing 

processes. Specific applications of DOE include identifying proper design dimensions and 

tolerances, achieving robust designs, generating predictive mathematical models that 

describe physical system behavior, and determining ideal manufacturing settings. Much of 

the knowledge about products and processes in the engineering and scientific disciplines is 

derived from experimentation. An experiment is a series of tests conducted in a systematic 

manner to increase the understanding of an existing process or to explore a new product or 

process. Design of Experiments or DOE, is a tool to develop an experimentation strategy 

that maximizes learning using a minimum of resources. Design of Experiments is widely 

used in many fields with broad application across all the natural and social sciences. It is 

extensively used by engineers and scientists involved in the improvement of 

manufacturing processes to maximize yield and decrease variability. Often times, 
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engineers also work on products or processes where no scientific theory or principles are 

directly applicable. Experimental design techniques become extremely important in such 

situations to develop new products and processes in a cost-effective and confident manner. 

With modern technological advances, products and processes are becoming 

exceedingly complicated. As the cost of experimentation rises rapidly, it is becoming 

impossible for the analyst, which is already constrained by resources and time, to 

investigate the numerous factors that affect these complex processes using trial and error 

methods. Instead, a technique is needed that identifies the "vital few" factors in the most 

efficient manner and then directs the process to its best setting to meet the ever-increasing 

demand for improved quality and increased productivity. The techniques of DOE provide 

powerful and efficient methods to achieve these objectives. Designed experiments are 

much more efficient than one-factor-at-a-time experiments, which involve changing a 

single factor at a time to study the effect of the factor on the product or process. While the 

one-factor-at-a-time experiments are easy to understand, they do not allow the 

investigation of how a factor affects a product or process in the presence of other factors. 

When the effect that a factor has on the product or process is altered due to the presence of 

one or more other factors, that relationship is called an interaction. Many times the 

interaction effects are more important than the effects of individual factors. This is because 

the application environment of the product or process includes the presence of many of the 

factors together instead of isolated occurrences of single factors at different times. 

Consider an example of interaction between two factors in a chemical process where 

increasing the temperature alone increases the yield slightly while increasing pressure 

alone has no effect on the yield. However, in the presence of both higher temperature and 

higher pressure, the yield increases rapidly. Thus, an interaction is said to exist between 

the two factors affecting the chemical reaction. 

The methodology of DOE ensures that all factors and their interactions are 

systematically investigated; thus, information obtained from a DOE analysis is much more 

reliable and complete than results from one-factor-at-a-time experiments that ignore 

interactions and may lead to misleading conclusions. Designed experiments are usually 

carried out in five stages planning, screening, optimization, robustness testing and 

verification. 
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It is important to carefully plan for the course of experimentation before 

embarking upon the process of testing and data collection. A few of the considerations to 

keep in mind at this stage are a thorough and precise objective identifying the need to 

conduct the investigation, assessment of time and resources available to achieve the 

objective and integration of prior knowledge to the experimentation procedure. A team 

composed of individuals from different disciplines related to the product or process should 

be used to identify possible factors to investigate and the most appropriate response(s) to 

measure. A team approach promotes synergy that gives a richer set of factors to study and 

thus a more complete experiment. Carefully planned experiments always lead to increased 

understanding of the product or process. Well planned experiments are easy to execute and 

analyze.  

Screening experiments are used to identify the important factors that affect the 

process under investigation out of the large pool of potential factors. These experiments 

are carried out in conjunction with prior knowledge of the process to eliminate 

unimportant factors and focus attention on the key factors that require further detailed 

analyses. Screening experiments are usually efficient designs requiring few executions, 

where the focus is not on interactions but on identifying the vital few factors. 

Once attention has been narrowed down to the important factors affecting the 

process, the next step is to determine the best setting of these factors to achieve the desired 

objective. Depending on the product or process under investigation, this objective may be 

to either increase yield or decrease variability or to find settings that achieve both at the 

same time. 

Once the optimal settings of the factors have been determined, it is important to 

make the product or process insensitive to variations that are likely to be experienced in 

the application environment. These variations result from changes in factors that affect the 

process but are beyond the control of the analyst. Such factors (e.g. humidity, ambient 

temperature, variation in material, etc.) are referred to as noise or uncontrollable factors. It 

is important to identify such sources of variation and take measures to ensure that the 

product or process is made insensitive (or robust) to these factors.This final stage involves 

validation of the best settings by conducting a few follow-up experimental runs to confirm 

that the process functions as desired and all objectives are met. 
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There are many methods of design of experiment (DOE) like Multi-vari chart, 

Variable search, Full factorials, Taguchi methods etc. Out of several methods of DOE, Full 

factorial analysis is a powerful and popular homing in technique and hence frequently used 

DOE method. Fig.2.1 shows the commonly used DOE method. Almost all the methods 

follow some basic methodologies which are appended below: 

 Identify the important variables or parameters that effect quality through 

extensive brainstorming with different expert opinion/participation 

 Separates those variables into different categories, generally not more than 

4 important and most severe variables which are known as Red X (most 

serious variable that effects quality) and pink X (Moderately serious which 

has moderate impact on quality) 

 Reduce variations of Red X and pink X through redesign and process 

improvement 

 Other than Red X and Pink X there may be lot many variable that do not 

effects quality should not take into consideration for controlling for 

minimizing the cost. 

 

Fig.2.1 Commonly used DOE methods 

2.3 Full Factorial Analysis for HPC Nozzle 

In full factorial analysis in investigation involving 4 variables and two levels of 

each factor is called 24 factorial analyses which involve 16 groups of test or combinations. 
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Normally not more than 4 factors/variables at a time are taken to segregate the critical 

variables effect on the experimental setup. Full factorial DOE method is one of the 

powerful and popular tools for identifications of the most severe variables which may 

cause or affect the performance of the product. Basic principle of the analysis is that every 

variable can be tested with all levels (generally two) of every other variable. Experimental 

testing of all possible combinations of pre-selected variables and levels allows for the 

systematic separation and quantification of all main and interaction effects, thereby giving 

the chance of narrowing down the number of variables to one or two which are 

comparatively more severe. The complete full factorial analysis involves two main steps 

such as preparation of combinatorial matrix which identifies the impact of all individual 

variables having two levels for each variables and preparation of ANOVA table to identify 

main effect and interaction effect. 

First of all visualize the components of the HPC nozzle and identify the variables 

that affect the performance of the nozzle functionality. Identify also the response variable 

i.e. independent variable and dependent variable and some other factors which are not that 

important but have some impact on the overall performance after interacting with each 

other’s. These variables are: 

 Diameter of the nozzle holes 

 Number of nozzle holes 

 Pressure of the cutting fluid 

 Flow rate of cutting fluid 

 Angle of spry of cutting fluid 

  Insert type and material 

 Volume of the nozzle container 

 Depth of cut 

 Cutting velocity 

 Feed 

 Machining Time 

After several brain storming session with concern technical staff and all levels of 

experts, it has been provisionally identified that out of the above mentioned variables, 

depending on the severity following 4 variables as shown in Table 2.1. are seem to be 

vulnerable for the optimized performance of the specialized designed HPC nozzle. 
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Table 2.1 Most severe variables that effects performance of the HPC nozzle 

Symbol Factors or variables 
Level (- or +) 

Present Value (-) Experimental(+) 
A Diameter of the nozzle  0.5 mm 1 mm 
B Pressure inside nozzle 80 bar 100 bar 
C Angle of the spray pattern 15° 20° 
D Flow rate of cutting fluid 120 l/hr 150 l/hr 

 

Table 2.2 Combinatorial matrix 

 A- A+ Total 
B- B+ B- B+ 

D- 

    

5.06 

D+ 

    

5.66 

D- 

    

5.40 

D+ 

    

5.31 

Total 4.61 5.56 5.73 5.56  

 

 

 

 

Several experiments with the above 4 variables each with 2 levels are performed 

and roughness is recorded. A total of 24 or 16 groups were to be tested and among the 

different combinations, the ones with the best response outcome (surface roughness) in this 

3 

1 

2 

4 

Random number (Cell no) in the 
sequence of experimental run 

Average roughness of 
the 2 experiments 

Roughness in the 1st 
experiment run 

Roughness in the 2nd 
experiment run 
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case are selected.Due to the time and resource constrained only few runs were taken and 

the test results are shown in the combinatorial matrix in Table 2.2. 

Table 2.3 Contribution of individual variables 

Factor Total Score/Roughness Difference 

A- 4.58+5.56=10.14 
A+ is worse than A- by 1.15 

A+ 5.73+5.56=11.29 
B- 4.58+5.73=10.31 

B+ is worse than B- by 0.81 
B+ 5.56+5.56=11.12 
C- 5.06+5.66=10.72 

C- is worse than C+ by 0.01 
C+ 5.40+5.31=10.71 
D- 5.06+5.40=10.46 

D+ is worse than D+ by 0.47 
D+ 5.66+5.31=10.93 

Based on the above results, an ANOVA table has developed as shown Table-2.4. 

Table 2.4 ANOVA for specialized HPC nozzle 

Sl. 
No. 

Individual 2 Variables 3 Variables 4 Variables 
Total 

A B C D AB AC BC AD BD CD ABC ABD ACD BCD ABCD 
1 - - - - + + + + + + - - - - + 1.10 
2 + - - - - - + - + + + + + - - 1.25 
3 - + - - - + - + - + + + - + - 1.25 
4 + + - - + - - - - + - - + + + 1.46 
5 - - + - + - - + + - + - + + - 1.54 
6 + - + - - + - - + - - + - + + 1.34 
7 - + + - - - + + - - - + + - + 1.49 
8 + + + - + + + - - - + - - - - 1.03 
9 - - - + + + + - - - - + + + - 0.83 
10 + - - + - - + + - - + - - + + 1.64 
11 - + - + - + - - + - + - + - + 1.53 
12 + + - + + - - + + - - + - - - 1.65 
13 - - + + + - - - - + + + - - + 1.10 
14 + - + + - + - + - + - - + - - 1.50 
15 - + + + - - + - + + - - - + - 1.29 
16 + + + + + + + + + + + + + + + 1.42 

 +1.1
6 
 

-
0.82 

+0.8
7 
 

-
0.50 

-
1.16 

 

+1.4
2 
 

+1.3
2 

Pink 
X 

+1.0
6 

+.82 
 

-3.68 
Red X 

+0.10 +0.76 -0.62 +0.12 - 0.12  

Table 2.3 shows that contributions of individual variables are not significant in 

most of the cases except varaiable-1(A).The difference between A- and A+ (it is 1.15) is 

due to variable -1 alone. Same explanations apply to all other variables as well. From the 

above table it is clear that variables-1, variable-2, and varable-4’s level+ that is 

experimental assumed value not performing better than level – (minus) whereas variable-3 

perform better when experimental value is taken into consideration.Table 2.4 shows that 

contributions of individual factor are not significant. 2 factor interactions are responsible 
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for the roughness.More specifically if 2 factors are selected for elimination in the 1st 

attempt, the rightchoice are variable-3 and variable -4 that is CD interaction. Similarly BC 

interaction has also due importance on the overall performance of the applicator .ThusAB 

interaction can be considered the Red X, while BC considered as PinkX. The interaction 

effects can further be analyzed by constructing following Figure (Fig.2.2): 

 
(a) Variable2 and 3 

 
(b) Variable 3and 4 

Fig. 2.2Factor interaction effect 

Convergence of two lines in both graphs show that they have high level of 

interaction effects, Fig 2.2 (a),thus need to be eliminated at the first step. Additionally the 

BC graph (graph 2.2a) shows that the interaction effects is minimum (roughness is -4.83) 

when both B and C are minus (-). Thus in order to eliminate the interaction between B and 

C both the value should be present value that is pressure to be maintain 20 bar and angle of 

spray pattern to be kept 15°. Similarly interaction between CD shows that the value of D is 

minimum at D-   (roughness 5.06) thus we may conclude that the present value of D to be 

maintained that is flow rate 120 liter per hour. 

2.4 Design and Fabrication of HPC Nozzle 

Based on outcome of full factorial analysis, parameters of the HPC nozzle are 

finalized as shown in Table 2.5 and Fig.2.3,2.5 and 2.6 show the different components of 

the HPC nozzle.Fig 2.4 shows the schematic view of the HPC nozzle. The HPC nozzle 

comprises base plate, nozzle with container, inlet nozzle and attachment apparatus etc.  

Base Plate: Base plate is the extended part of the HPC nozzle. Actually it is a 

small flat bar which seats on the upper surface of the tool holder. It holds the rod stand 

through which the attachment assembly can be displaced horizontally. It holds the HPC 

nozzle rigidly during machining operation. Fig. 2.5 shows the 3-D view of the base plate. 
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Table 2.5  Selected parameters for final design of HPC nozzle 

Symbol Factors or variables 
Present 

Value (-) 
Experimental 

(+) 

Selected 
parameters for 

final design 

A Diameter of the nozzle injector 0.5 mm 1 mm 0.5 mm 

B Pressure inside nozzle 80 bar 100 bar 80 bar 

C Angle of the spray pattern 15° 20° 20° 

D Flow rate of cutting fluid 120 l/hr 150 l/hr 120 l/hr 

 

 

Fig 2.3 3-D view of Specialized HPC Nozzle 
 

 

Front View 

 

Top View 
Fig 2.4 Schematic view of Specialized HPC Nozzle 

HPC Nozzle with 
Container 

Base Plate  

Inlet Nozzle 

Attachment Assembly 
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HPC nozzle with Container:  HPC nozzle and the cutting fluid container is a 

solitary unit. High pressurized coolant is pumped through the inlet nozzle of diameter 1.00 

mm and pressure is stabilized. There are two outlet nozzles of diameter 0.6 mm each are 

drilled on the container in such a way that coolant jet from the nozzles impinges along the 

main cutting edge and auxiliary cutting edge of the cutting tool simultaneously as shown in 

Fig.2.5. 

Inlet Nozzle: It guides the high pressure cutting fluid into the nozzle container. 

Inlet nozzle is connected with the high pressure apparatus which develop required pressure 

for high pressure coolant as shown in Fig. 2.6. 

Attachment Assembly: It is a part of the specialized HPC nozzle which can run 

up and down through the rod stand. It is rigidly screwed with the nozzle container. By 

horizontally moving the attachment assembly the angle of the spray can be changed as 

shown in Fig. 2.6. 

  

Fig 2.5 3-D view of Base Plate and Nozzle with container 
 

  

Fig 2.6 3-D view of Inlet Nozzle and Attachment Assembly 
 

Rod Stand Hole 

Base Plate Body 

Container 

Nozzle (dia. 0.6mm) 

Inlet (Dia.:1.0 mm) 
Rod Stand 

Assembly Body 

Screw 
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Chapter-3 
 
 
 

Experimental Investigations 

3.1 Introduction 

For high production machining of Ti-6Al-4V alloy, effective control of the 

cutting temperature is very essential. High pressure coolant jet using straight cut cutting oil 

(VG 68) with its ability to provide cooling and environmental friendliness at relatively 

lower cost is an attractive and viable option in this regard [Dhar and Kamruzzaman 

2009]. It is from this critical and vital technological point of view, the present investigation 

to study the role of high pressure coolant jets on machinability characteristic of Ti-6Al-4V 

alloy has been carried out.  

The beneficial roles of high pressure coolant jet on environment friendliness have 

already been established. The aim of the present work is primarily to explore and evaluate 

the role of such high pressure jet on machinability characteristics of some commonly used 

tool-work combinations mainly in terms of cutting forces, cutting temperature, tool life, 

surface finish and chip-forms, which govern productivity, product quality and overall 

economy. The machining tests have been carried out by straight turning of Ti-6Al-4V bar 

(φ 100mm and length 500 mm) in a reasonably rigid and powerful lathe (7.5 kW, China) 

by standard coated carbide insert (SNMG and SNMM) at different cutting velocities (Vc) 

and feed rates (So) under both dry and high pressure coolant conditions. The depth of cut 

(t) was maintained constant at 1.0 mm throughout the experiments. The chemical 

composition of the Ti-6Al-4V chosen for the present investigation is shown in Table-3.1 

and Table-3.2 shows the experimental conditions employed during the present 

investigation. Fig.3.1 shows the photographic view of the experimental setup used in the 

present investigation. 

Table-3.1 Chemical composition of Ti-6Al-4V alloy 

Al V Fe O C N H Ti 
6.34 4.12 0.04 0.194 0.014 0.009 0.0023 Balance 
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Table-3.2 Experimental conditions 

Machine tool : Lathe Machine(China), 7.5 kW 
Work materials : Ti-6Al-4V alloy (φ 100mm and length 500 mm) 
 Hardness  : 40 HRC 

Cutting tool  

  
  SNMG 120408, Sandvick SNMM 120804, Sandvick 
 Geometry  : -6°,-6°,6°,6°,15°,75°,0.8 (mm) 
Tool holder : PSBNR 2525 M12 (ISO specification), Sandvick 
Process parameters   
 Cutting velocity, Vc : 78, 112 and 156 m/min 
 Feed rate, So : 0.12, 0.14 and 0.16 mm/rev 
 Depth of cut, t  1.0 mm 
High pressure coolant  : 80 bar, Coolant: 6.0 l/min through external nozzle 
 Coolant type : VG-68 (ISO grade) 
Environment : Dry and High pressure coolant conditions 

 

 
 

Specialized HPC nozzle 

Fig.3.1Photographic view of the experimental setup 

The ranges of cutting velocity and feed rate chosen in the present investigation are 

representative of the current industrial practice for the tool-work material combinations 

that has been investigated. The machining responses have been monitored and studied 

using sophisticated and reliable equipment and techniques as far as possible.The tool 

geometry is reasonably expected to play significant role on such cooling effectiveness. 

Keeping this view two different tool configurations (Sandvik) namely SNMM and SNMG 

have been undertaken for the present investigation. The inserts were clamped in a PSBNR 

(Sandvik) type tool holder. 
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The form, color and thickness of the chips directly and indirectly indicate the 

nature of chip-tool interaction influenced by the machining environment. The chip samples 

were collected during short run machining for all the Vc-So combinations under both dry 

and HPC conditions. The form and color of all those chips were noted down. The 

thicknesses of the chips were repeatedly measured by a slide calliper to determine the 

value of chip reduction coefficient, ξ (ratio of chip thickness after and before cut) which is 

an important index of machinability. The average cutting temperature was measured under 

all the machining conditions undertaken by simple but reliable tool-work thermocouple 

technique with proper calibration. Themain cutting force, Pz(main cutting force) was 

monitored by a sensitive but robust 3-D dynamometer (KISTLER) and stored in a PC 

through a data acquisition system. 

The life of the tools, which ultimately fail by systematic gradual wear, is 

generally assessed at least for R&D work, by the average value of the principal flank wear 

(VB), which aggravates cutting forces and temperature and may induce vibration with the 

progress of machining. The pattern and extent of wear (VS) of the auxiliary flank affects 

surface finish and dimensional accuracy of the machined parts. Growth of tool wear is 

sizeably influenced by the temperature and nature of interactions of the tool-work 

interfaces which again depend upon the machining conditions for given tool-work pairs. 

During machining under each condition, the cutting insert was withdrawn at 

regular intervals and VB, VS were measured under an optical microscope (Carl Zeiss, 

Germany) fitted with a precision micrometre. After machining the hardened medium 

carbon steel by both SNMG and SNMM inserts, at different Vc-So combinations under 

both dry and HPC conditions the surface finish was measured by a Talysurf (Surtronic 3+).  

3.2 Experimental Results  

An importantmachinability index is chip reduction coefficient, ξ (ratio of chip 

thickness after and before cut). For given tool geometry and cutting conditions, the value 

of chip reduction coefficient depends upon the nature of chip-tool interaction, chip contact 

length, curl radius and form of the chips all of which expected to be influenced by high 

pressure coolant in addition to the level of cutting speeds and feed rates. The thickness of 

the chips was repeatedly measured by a slide caliper to determine the value of chip 

reduction coefficient. The variation in value of chip reduction coefficient with change in 
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tool configuration, cutting speeds and feed rates as well as machining environment 

evaluated for Ti-6Al-4Valloy have been plotted and shown in Fig.3.2 and Fig.3.3. The 

machining chips were collected during all the treatments for studying their shape, colour and 

nature of interaction with the cutting insert at its rake surface. The results of such 

categorization of the chips produced at different conditions and environments have been 

shown in Table-3.3. 
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Fig.3.2 Variation of ξ with Vc and So in turning Ti-6Al-4V by SNMG insert under 
dry, cryogenic cooling and high pressure coolant condition 
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Fig.3.3 Variation of ξ with Vc and So in turning Ti-6Al-4V by SNMM insert under 
dry, cryogenic cooling and high pressure coolant condition 
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Table-3.3 Shape and color of chips produced during turning Ti-6Al-4V by SNMG and 
SNMM inserts under dry, cryogenic and HPC conditions 

Vc 

m/min 

Env. SNMG 120408 SNMM 120408 

0.12 mm/rev. 0.14 mm/rev. 0.16 mm/rev. 0.12 mm/rev. 0.14 mm/rev. 0.16 mm/rev. 

shape &color shape &color shape &color shape &color shape &color shape &color 

78 

Dry ▲ metallic ▲ metallic ▲ metallic ▲ metallic ▲ metallic ▲ metallic 

Cryo ■ metallic ● metallic ● metallic ■ metallic ■ metallic ■ metallic 

HPC ■ metallic ● metallic ■ metallic ● metallic ● metallic ■ metallic 

112 

Dry ▲ metallic ▲ metallic ▲ metallic ▲ metallic ▲ metallic ▲ metallic 

Cryo ● metallic ■ metallic ● metallic ■ metallic ■ metallic ● metallic 

HPC ■ metallic ■ metallic ■ metallic ■ metallic ■ metallic ■ metallic 

156 

Dry ● metallic ● metallic ▲ metallic ● metallic ▲ metallic ▲ metallic 

Cryo ■ metallic ● metallic ■ metallic ■ metallic ■ metallic ● metallic 

HPC ● metallic ■ metallic ● metallic ■ metallic ■ metallic ● metallic 

Chip shape Spiral Tubular  Ribbon 

Group  ■ ● ▲ 

The optical microscopic views of the polished and etched side surface of the chips 

obtained during dry, cryogenic and HPC machining of Ti-6Al-4V alloy at a cutting velocity 

of 112 m/min, feed 0.16 mm/rev and 1.0 mm depth of cut are typically shown in Fig.3.4. 

   
(a) SNMG 

 
200µm 

 
200µm 

 
200µm 

(b) SNMM 
Dry condition Cryogenic cooling HPC cooling 

Fig.3.4 Polished and etched side surface of typical chips produced at Vc=112 m/min 
and So=0.16 in turning Ti-6Al-4V by (a) SNMG and (b) SNMM insert under 
dry, cryogenic and HPC conditions 
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High production machining associated with high velocity and feed rate inherently 

generates high heat as well as high cutting zone temperature. The cutting temperature if 

not controlled properly, cutting tools undergo severe flank wear and notch wear, lose 

sharpness of the cutting edge by either wearing or become blunt by welded built-up edge 

and weaken the product quality. In normal cutting condition all such heat sources produce 

maximum temperature at the chip-tool interface, which substantially influence the chip 

formation mode; cutting forces, tool life and product quality. High production machining 

needs to increase the process parameters further for meeting up the growing demand and cost 

competitiveness. Cutting temperature is increased with the increase in process parameter as 

well as with the increase in hardness and strength of the work material. Therefore, attempts 

are made to reduce this detrimental cutting temperature. 

In the present work, the average cutting temperature was measured under all the 

machining conditions undertaken by simple but reliable tool-work thermocouple technique 

with proper calibration.Fig.3.5 shows the calibration curves obtained for the tool-work pair 

with tungsten carbide (P30 Grade, Sandvik) as the tool material and the Ti-6Al-4V rod 

undertaken as the work materials. As titanium undergoes oxidation at around 400oC, the 

present tool-work thermocouple pair has been calibrated up to 350oC and in this range the 

temperature and emf relationship is almost linear with a correlation coefficient of around 

0.994. The calibration curve for the range of emf’s measured during the turning tests were 

obtained by extrapolation and the temperatures thus determined are in agreement with 

previously reported cutting temperatures in machining Ti-6Al-4V [Narutaki and 

Murakhoshi 1983]. 
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Fig.3.5 Tool-work thermocouple calibration curve 
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The evaluated role of HPC on average chip-tool interface temperature in turning 

hardened steel at different Vc-So combinations in compare to dry and cryogenic condition 

have been shown in Fig.3.6 and Fig.3.7. 
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Fig.3.6 Variation of average cutting zone temperature with Vc and So in turning Ti-
6Al-4V by SNMG insert under dry, cryogenic and HPC conditions 
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Fig.3.7 Variation of average cutting zone temperature with Vc and So in turning Ti-
6Al-4V by SNMM insert under dry, cryogenic and HPC conditions 

The variation of cutting force components, PX and PZ with that of velocity and 

feed monitored during turning the Ti-6Al-4V alloy by both SNMG and SNMM under dry, 
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cryogenic cooling and HPC conditions have been plotted and shown in Fig.3.8, Fig.3.9, 

Fig.3.10 and Fig.3.11 respectively. 
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Fig.3.8 Variation offeed force (Px)with Vc and So in turning Ti-6Al-4V by SNMG 
insert under dry, cryogenic and HPC conditions 
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Fig.3.9 Variation of feed force (Px)with Vc and So in turning Ti-6Al-4V by SNMM 
insert under dry, cryogenic and HPC conditions 
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Fig.3.10 Variation ofmain cutting force (Pz)with Vc and So in turning Ti-6Al-4V by 
SNMG insert under dry, cryogenic and HPC conditions 
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Fig.3.11 Variation of main cutting force (Pz)with Vc and So in turning Ti-6Al-4V by 
SNMM insert under dry, cryogenic and HPC conditions 

The growth of principal flank wear, VB with progress of machining recorded 

while turning Ti-6Al-4V by SNMG and SNMM type inserts at the Vc=112 m/min, So=0.12 

mm/rev and t=1.0 mm under dry, cryogenic cooling and high pressure cooling conditions 

have been shown in Fig.2.12.The growth of average auxiliary flank wear, VS with 

machining time observed while turning Ti-6Al-4Vby the two different types of inserts 

under previous conditions and environments have been shown in Fig.2.13. 
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(a) SNMG 
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(b) SNMM 

Fig.3.12 Growth of VB in (a) SNMG and (b) SNMM inserts during turning Ti-6Al-4V 
under dry, cryogenic and HPC conditions 
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(a) SNMG 
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Fig.3.13 Growth of VS in (a) SNMG and (b) SNMM inserts during  turning Ti-6Al-4V 
under dry, cryogenic and HPC conditions 
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Fig.3.14 SEM views of the worn out insert (a) SNMG and (b) SNMM after machining 
Ti-6Al-4V alloy under dry, cryogenicand HPC conditions 
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Fig.3.14 shows the scanning electron microscopy (SEM) views of the worn out 

inserts (SNMG and SNMM) after being used at Vc=112 m/min, So=0.12 mm/rev and t 

=1.0 mm for 6 min. under dry and cryogenic cooling conditions.  
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Fig.3.15 Variation of Ra with Vc at different So in turning Ti-6Al-4V by SNMG insert 
under dry, cryogenic cooling and HPC conditions 
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Fig.3.16 Variation of Ra with Vc at different So in turning Ti-6Al-4V by SNMM insert 
under dry, cryogenic cooling and HPC conditions 

Surface roughness has been measured at two stages; one, after a 50 seconds of 

machining with the sharp tool while recording the cutting temperature and forces and 

second, with the progress of machining while monitoring growth of tool wear with 
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machining time. The surface roughness attained after 50 seconds of machining of Ti-6Al-

4V alloy by the sharp SNMG and SNMM inserts at various Vc−S o combinations under 

dry, cryogenic cooling and HPC conditions are shown in Fig.3.15 and Fig.3.16 

respectively. Fig.3.17 shows the variation of surface roughness observed with progress of 

machining of Ti-6Al-4V alloy by two types of inserts at a particular set of Vc−S o and t 

under dry, cryogenic cooling and HPC conditions 
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Fig.3.17 Surface roughness developed with progress in turning Ti-6Al-4V by (a) 
SNMG and (b) SNMM inserts under dry and cryogenic conditions 
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Chapter-4 
 
 
 

Discussion on Experimental Results 

4.1 Machining Chips 

The pattern of chips in machining ductile metals are found to depend upon the 

mechanical properties of the work material, tool geometry particularly rake angle, levels of 

Vc and So, nature of chip-tool interaction and cutting environment. In absence of chip 

breaker, length and uniformity of chips increase with the increase in ductility and softness 

of the work material, tool rake angle and cutting velocity unless the chip-tool interaction is 

adverse causing intensive friction and built-up edge formation. 

Table-3.3 shows that the Ti-6Al-4V alloy when machined by the pattern type 

SNMG insert under dry condition produced ribbon type continuous chips. The geometry of 

the SNMG insert is such that the chips of this alloy first came out continuously, got curled 

along normal plane and then hitting at the principal flank of this insert broke into pieces 

with regular size and shape. When machined under both cryogenic cooling and HPC 

conditions the form of these chips change appreciably from ribbon type to tubular or spiral 

but their back surface appeared much brighter and smoother. This indicates that the 

amount of reduction of temperature due to both cryogenic and HPC conditions enabled 

favourable chip-tool interaction and elimination of even trace of built-up edge formation. It 

is important to note in Table-3.3 that the role of cryogenic cooling and HPC has been less 

effective in respect of form and colour of the chips when the alloy was machined by the 

groove type SNMM insert.  

The polished and etched side surface of the Ti-6Al-4V chips produced by dry 

machining at cutting velocity 112 m/min and feed rate 0.16 mm/rev and depth of cut 1.0 

mm shown in Fig.3.4 indicate that: 

 The chips are segmented earlier, but not that periodically and uniformly. 
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 The material within the segments has undergone partial and directional 

grain deformation. 

 Sign of primary deformation exists at the free surface of separation in some 

of the segments, which supports occurrence of adiabatic shear amidst shear 

fracture giving rise to deformation free separating surface. 

 There has been noticeable transformation of microstructure morphology 

from lamellar towards equiaxed grains and recrystallization at some 

locations. 

 

Fig.4.1 Microstructural changes in Ti-6Al-4V alloy cooled from different 
temperatures and cooling rates [Pinke 2004] 

Fig.4.1 shows the usual microstructures of Ti-6Al-4V alloy observed after cooling 

from different temperature levels and at different rates. The microstructure of the chip in 

Fig.3.4 appears close to that obtained after air cooling from temperature of around 800-

950oC as shown in Fig.4.1. In dry machining also, under the present condition 

(corresponding to Fig.3.4), the chips are expected to attain such high temperature and 

subjected to air cooling. The high temperature along with high strain due to plastic 

deformation reasonably seems to be the main cause of visible transformations and changes 

in the morphology of the chips produced in dry machining of the Ti-6Al-4V alloy. 

It is quite interesting and important to note in Fig.3.4 that the chips were 

segmented more distinctly, sharply and periodically when the Ti-6Al-4V alloy was turned 

at the same Vc-So combination but with liquid nitrogen and HPC jet as cooling medium. 

Fig.3.4 further reveals that when Ti-6Al-4V is machined with liquid nitrogen and HPC as 
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cooling medium, the primary shear bands become very thin and short and there is little 

sign of primary shear along the free surface of separation of the chip segments. This 

indicates that the mode of formation of segments shifted from adiabatic thermoplastic 

shear to shear fracture. It is to be noted fromFig.3.4 that the chips underwent intensive 

secondary deformation at the chip-tool interface under both dry, cryogenic cooling and 

HPC conditions but being relatively lesser in case of cryogenic machining and HPC 

condition expectedly due to lesser seizure friction. Fig.3.4 also visualize that cryogenic 

cooling and HPChave widened the spacing of the segments and seemingly again due to 

lesser squeezing of the segments at lower temperature. But no distinct trend could be noted 

on the effects of cryogenic cooling as well as HPC and variation of cutting velocity and 

feed on the average thickness of the segments.  

The value of chip reduction coefficient is an important index of chip formation 

and specific energy consumption for a given tool-work combination. It is evaluated from 

the ratio,  

1

2

a

aξ =  [4.1] 

Where, 

 a2 = chip thickness after cut 

 a1 = chip thickness before cut = SoSinφ  

 φ = principal cutting edge angle 

In machining conventional ductile metals and alloys producing continuous chips, 

the value of ξ is generally greater than 1.0 because a 2 becomes greater than a1 due to 

almost all sided compression and friction at the chip-tool interface. Larger value of ξ 

means larger cutting forces and friction and is hence undesirable. 

The effect of increase in Vc and So and the change in environment on the value of 

chip reduction coefficient, ξ obtained during turning the present Ti -6Al-4V alloy are 

shown in Fig.3.2 and Fig.3.3 respectively, which depict some significant facts: 

 Value of ξ has all along been less than 1.0  

 Reduction of cutting zone temperature by the application of liquid nitrogen 

and high pressure coolant jet reduced the value of ξ further  
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 The value of ξ decreased with increase in V c and So 

In machining any ductile metals like steels also, ξ decreases with increase in V c 

due to plasticization and shrinkage of shear zone. With the increase in feed also the value 

of ξ decreases due to increase in effective rake angle of the tool with edge radiusing or 

beveling as schematically shown in Fig.4.2 and its effects on ξ is given by,  







 −

=
ξ

2

ξ
µ

eξ  
[4.2] 

Where, 

 μ = apparent coefficient of friction at the chip -tool interface 

 γ = effective rake angle  

But in turning the present Ti-6Al-4V alloy, the value of ξ apparently decreased 

with the increase in Vc and So seemingly for different reasons. 

 
Fig.4.2 Effect of cutting edge radiusing or edge beveling in machining 

Application of liquid nitrogen and high pressure coolant jet reduced chip 

reduction coefficient as can be seen in Fig.3.2 and Fig.3.3 respectively reasonably by 

increasing the inter-segment spacing by reducing the degree of softening and squeezing of 

the segments. Reduction of friction and damage of the cutting edges by cryogenic cooling 
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might and high pressure coolant have also helped in reducing the overall chip thickness 

and hence chip reduction coefficient. 

4.2 Chip-Tool Interface Temperature 

High production machining and grinding are inherently associated with 

generation of large amount of heat and development of high cutting temperature at the 

cutting zone. Such high cutting temperature not only reduces the tool life but also impairs 

the dimensional accuracy and surface integrity of the component produced. Besides, this 

high temperature invites environmental problems when tried to be controlled by 

conventional cutting fluid application. The cutting temperature and its detrimental effects 

increase with (i) increase in specific energy requirement for machining depending upon the 

work material and the cutting tool geometry, (ii) increase in MRR and (iii) absence or 

inadequate or ineffective cutting fluid application 

It is evident from Fig.3.6 and Fig.3.7 that in machining the present Ti-6Al-4V 

alloy also, the cutting temperature continuously increased in Vc and So and almost in the 

same way as it was previously observed in turning other common ductile materials like 

steels where, the cutting temperature happened to be roughly the product of Vc
0.4 and 

So
0.24. It is clearly appears from Fig.3.6 and Fig.3.7 that under almost identical machining 

conditions, compared to AISI 1040 steel [Dharet al.2002] the present Ti-6Al-4V alloy 

produced substantially higher cutting temperature at the cutting zone. This happened 

reasonably due to relatively higher mechanical strength and much lesser thermal 

conductivity of Ti-6Al-4V alloy. It can also be noted from Fig.3.6 and Fig.3.7 that in case 

of Ti-6Al-4V alloy, the cutting temperature grew faster with increase in Vc. This can be 

attributed to retention of specific energy requirement by Ti-6Al-4V alloy even at high Vc 

for its higher hot strength and rapid deformation of the cutting edge geometry by its high 

chemical reactivity with the tool material, when aggravates with increase in strain and 

temperature. 

Fig.3.6 and Fig.3.7 also clearly depicts the role of tool geometry on the cutting 

temperature under the same condition. Compared to SNMG insert, SNMM insert resulted 

in higher cutting temperature expectedly due to tool configuration. The average cutting 

temperature in the present investigation was approximately measured by tool-work 
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thermocouple technique, which is simple and reliable though not that precise. Again such 

measurement could be done smoothly and satisfactorily only during dry machining.  

Apparently more drastic reductions in cutting temperature are expected by 

employing high-pressure coolant jet. But practically it has not been so because the high-

pressure coolant has been employed in the form of thin jet along the cutting edge and 

towards only the chip-tool interface instead of bulk cooling. Also the jet, like any cutting 

fluid, could not reach deeply in the chip-tool interface for plastic or bulk contact, 

particularly when VcandSo are large.  

Table-4.1 Reduction in cutting temperature (θ) and cutting forces due to HPC and 
cryogenic cooling in turning Ti-6Al-4V alloy by SNMG and SNMM inserts. 

So 

rev/min 

Vc 

m/min 

Percentage reduction 

SNMG Insert SNMM Insert 

θ  Px Pz θ  Px Pz 

HPC Cryo HPC Cryo HPC Cryo HPC Cryo HPC Cryo HPC Cryo 

0.12 

78 13.29 17.72 18.45 24.03 12.63 18.18 05.63 8.59 8.12 19.44 10.81 15.28 

112 08.87 10.67 17.97 22.58 13.42 16.44 2.35 3.53 7.66 17.79 10.69 13.43 

156 13.26 17.40 21.32 22.06 14.81 15.71 10.87 10.52 11.97 17.14 10.04 12.70 

0.14 

78 04.02 6.52 14.63 22.36 8.26 15.00 7.43 11.56 6.37 16.43 07.45 13.16 

112 08.60 11.94 14.13 23.26 9.46 15.79 12.06 11.86 5.84 17.10 08.11 14.08 

156 15.69 17.27 17.76 21.50 9.71 12.86 13.73 13.64 6.57 16.43 07.64 12.12 

0.16 

78 06.74 8.99 06.25 20.90 8.75 12.20 3.16 6.32 6.54 13.46 09.68 11.39 

112 12.32 14.29 08.13 22.36 11.06 15.00 7.62 9.52 5.95 16.43 09.46 13.16 

156 10.80 13.62 12.02 22.75 12.82 17.11 13.48 15.65 8.21 13.61 12.22 13.89 

The percentage saving in cutting temperature and cutting forces (Px and Pz) 

attained by high-pressure coolant for different tool-work combinations, cutting speed and 

feed rate have been extracted from the previous figures and shown in Table-4.1. The table 

indicate that the role of variation of the process parameters; Vc and So and tool 

configuration on percentage reduction of cutting temperature as well as cutting forces, Px 

and Pz due to high-pressure coolant jet have not been uniform for the different cutting 

tools. Table-4.1shows that high-pressure coolant enabled sizeable reduction in cutting 

temperature as well as Px and Pz and the degree of their reduction decreased quite 

uniformly with the increase in Px and Pz. Also the SNMG type insert provided more 

effective in high-pressure coolant machining seemingly through more sizeable reduction in 

the cutting forces. It can be seen from Table-4.1 that the cryogenic cooling provides more 
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benefit than high pressure coolant jet. The reduction in cutting temperature due to high 

pressure coolant jet varies from 4% to 16% but due to cryogenic cooling condition it varies 

from 7% to 18% when machining by SNMG insert. While machining the same material by 

SNMM insert, the reduction in cutting temperature due to high pressure coolant jet varies 

from 2% to 14% but due to cryogenic cooling condition it varies from 4% to 16%. The 

benefit of the of high pressure coolant jet and cryogenic cooling has been relatively higher 

in respect of cutting temperature when this material machined by the SNMG type insert in 

compared to SNMM type insert. 

4.3 Cutting Forces 

Machinability, i.e. ease of machining any work material is judged mainly by 

 magnitude of cutting forces 

 level of cutting temperature 

 tool wear and tool life 

 surface integrity of the product 

Productivity, product quality and overall economy of the machining of any 

materials is governed mainly by its machinability characteristics which can be improved 

without sacrificing MRR by reducing cutting forces and temperature and enhance tool life 

and surface quality. High cutting forces means high specific energy requirement for 

machining and high cutting temperature that adversely affect the tool life as well as 

dimensional accuracy and surface roughness of the products. The magnitude of the cutting 

force increases almost proportionality with the increase in chip loads and shear strength of 

the work material. But, the actual values of cutting forces are also governed be several 

other factors such as tool life and machining environment. However, attempts should be 

always be made to minimize the magnitude of cutting forces without sacrificing the MRR 

and product quality. 

In some previous investigations, it was observed that the cutting forces produced 

in machining Ti-6Al-4V are compared with the cutting forces produced in machining 

medium carbon steel (AISI 1045) [Ezugwu and Wang 1997]. The cutting forces (Px and 

Pz) observed during turning Ti-6Al-4V at different Vc, So and environments undertaken 

and shown in figure from Fig.3.8 to Fig.3.11 have been compared for better understanding 
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with that observed in turning AISI 1040 steel almost under similar conditions [Dhar et 

al.2002].The significant differences and the probable causes are: 

 Under dry machining, the magnitude of Pz remain almost unaffected by the 

increase in Vc in case of present Ti-6Al-4V alloy unlike in case of AISI 

1040 steel where Pz continuously decreased with increase Vc though 

decreasing rate at higher values of Vc. At lower Vc, Pz has been larger in 

case of AISI 1040 steel in spite of its lower yield strength. This might be 

reasonable due to BUE formation in between the carbide tool and the Fe-

based chip. With the increase in Vc, BUE disappears and also the shear 

strength of AISI 1040 steel to some extent, decreases whereas in turning Ti-

6Al-4V alloy, no BUE was found to form and this alloy inherently retained 

its yield strength even at elevated shear zone temperature. 

 Both SNMG and SNMM inserts behaved almost similar in respect of 

cutting forces in turning the Ti-6Al-4V alloy as can be seen in Fig.3.8, 

Fig.3.9, Fig.3.10 and Fig.3.11. However, both Pz and Px have been slightly 

larger in case of SNMM insert expectedly for its configuration.   

 Like Pz, Px has also been similarly affected by the increase in Vc in turning 

the two different alloys but Ti-6Al-4V alloy provided as such, much lesser 

PX. This may be attributed to lesser friction force due to shorter chip-tool 

contact length in addition to absence of BUE formation in machining the Ti-

6Al-4V alloy. 

 Under high pressure coolant jet condition,  both Px and Pz in turning Ti-6Al-

4V alloy by SNMG and SNMM type inserts decreases significantly through 

retention of hardness and sharpness of the cutting edges and favorable 

contact of the chip-tool interaction. But cryogenic cooling enabled sizable 

reduction in both Px and Pzin compare to high pressure coolant jet condition 

while machining the same alloy both by SNMG and SNMM type inserts. 

From Table-4.1, it can be seen that the benefit of the of high pressure coolant jet 

and cryogenic cooling has been relatively higher in respect of cutting forces when 

machining Ti-6Al-4V alloySNMG type insert in compared to SNMM type insert. 
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4.4 Tool Wear 

It has already been mentioned that apart from PcBN and PCD, the most effective 

and efficient cutting material for machining Ti-6Al-4V alloy is uncoated carbide inserts of 

K20 grade having around 6% Co and medium grain size. The usual pattern and geometry 

of wear of turning tools observed in machining conventional ductile materials is as shown 

in Fig.4.3(a). But while turning Ti-6Al-4V alloy in the present investigation using carbide 

inserts the pattern of tool wear was noted to be somewhat different as schematically 

indicated in Fig.4.3(b). The mentionable deviations are: 

 Less wide but quite deep crater wear 

 Flank wear-wide and deep at the tool tip or nose and then gradually 

decreasing towards the outer contact point 

 Absence of notching and grooving type of wear 

 Crater wear extends upto the cutting edge and meets the flank wear causing 

depression of the cutting edge. 

 

 

(a) Conventional steel (b) Ti-6Al-4V alloy 

Fig.4.3 Schematic view of general pattern of wear and deformation of carbide inserts 

used for machining (a) conventional steel and (b) Ti-6Al-4V alloy 

It is already mentioned that wear of cutting tools are generally quantitatively 

assessed by the magnitudes of VB, VS, KT etc. shown in Fig.4.3, out of which VB is 

considered to be the most significant parameter at least in R&D work.It was reported [Paul 

et al. 2000 and Seah et al. 1995] earlier that application of conventional cutting fluid does 

not help in reducing tool wear in machining steels by carbides rather may aggravate wear. 
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Fig.3.12 also shows that VB increased much faster in case of SNMM inserts than 

in SNMG inserts irrespective of the environments of machining. The flank wear also 

occurred quite fast due to rapid attrition wear followed by adhesion anddiffusion 

inaddition to usual abrasion particularlyat the tooltip or nose where stresses and 

temperature are high.Rapidflank wear causes more intimate contact at the work-tool 

interface andinitiatessevererubbing which again aggravates flankwear 

further.Bothcraterwearand flank wear grow so fast in machiningTi-6Al-4V alloy by 

carbideinserts that notching and grooving type wear do not appear separately. Generallyin 

turningconventional ductile metals wear develops from a distanceleavinga narrow band 

unaffected by wear. But in machining Ti-6Al-4V alloy by carbide toolnot only that band 

disappears but also depresses the cutting edge by joining of the crater and flank wear. This 

impairs thesharpness and geometryof the cutting edge leading toincrease in 

cuttingforcesandshorter tool life. 

But it is clearlyevident from Fig.3.12that while turning Ti-6Al-4V alloy by 

SNMG insert at cutting velocity 112 m/min and feed rate 0.12 mm/rev, both HPC and 

cryogenic machining after 6 min caused lesser wear than that produced under dry 

condition. Such reduction in wear is seemingly indebted to reduction of the cutting 

temperature sensitive wear phenomenon like diffusion and adhesion enabled by direct and 

indirect cooling by the liquid nitrogen jet and HPC. In respect of tool wear also, SNMG 

and SNMM behaved almost similarly. When the present Ti-6Al-4V alloy specimen was 

turned by SNMM at cutting velocity 112 m/min and feed rate 0.12 m/rev, the tool wear 

was little bit higher in compare SNMG. The benefits of application of liquid nitrogen jet 

and HPC on flank wear while machining Ti-6Al-4V alloy at cutting velocity 112 m/min, 

feed rate 0.12 mm/rev and depth of cut 1.0 mm is evident from Fig.3.12.  

Unlike principal flank wear, auxiliary flank wear widely varies along the auxiliary 

flank reasonably for sharp variation in stresses and temperature and shallow but wide 

notching. Fig.3.13 shows that dry cutting aggravated the auxiliary flank wear (VS) for both 

the inserts, whereas cryogenic cooling and HPC provided sizeable benefits. 

The auxiliary flank wear, which occurs due to rubbing of the tool tip against the 

finished surface, causes dimensional inaccuracy and worsens the surface finish. Gradual 

increase in depth of the auxiliary flank wear, which is proportional to the width of that 

wear, increases the diameter of the job in straight turning with the progress of 
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machining.And the irregularity developed in the auxiliary cutting edge due to wear impairs 

the surface finish of the product. 

All the wear features namely average flank wear and auxiliary flank wear as 

indicated in Fig.3.12 and fig.3.13 decreased substantially when Ti-6Al-4V alloy was 

machined by SNMG insert at cutting velocity 112 m/min, feed rate 0.12 mm/rev and depth 

of cut 1.0 mm under cryogenic cooling and HPC conditions. 

The SEM view graphs are showing the nature and extent of tool wear that 

occurred during turning the present Ti-6Al-4V alloy by SNMG insert and SNMM type 

insert under dry, cryogenic cooling and HPC conditions in Fig.3.14. High chemical 

reactivity of the Ti-6Al-4V alloy in one hand and high stress and temperature at the short 

chip-tool contact area on the other hand accelerated the crater growth due to adhesion and 

diffusion by mass dissolution in addition to plastic deformation and grain pull-out. 

4.5 Surface Roughness 

Surface is also an important criterion of judgment of machinability or grindability 

and play significant role on performance and service life of the machined components 

through: 

 Enabling better fitting with the mating parts if so desired 

 Improving fatigue life if subjected to dynamic loading 

 Reducing corrosion rate 

 Imparting favorable tribological characteristics 

Generally for good surface finish grinding operation is done after machining or 

performing. But often the desired finish is obtained by machining like turning only. Even 

if machining is to be finally done by grinding, machining to good surface finish facilitates 

and economizes the grinding world and also helps to reduce initial surface defects. The 

major possible causes behind development of surface roughness in operations like single 

point turning particularly of ductile materials are:  

 Feed marks or scallop marks inherently left by the tool tip 

 Built-up-edge formation if any 

 Vibration in the tool work system 
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 Irregular deformation of the tool nose due to chipping, wear and fracturing 

Even in absence of all other sources, the turned surface inherently attains some 

amount of roughness of systematic and uniform configurations due to feed marks. The 

peak value of such roughness depends upon the value of feed, So and the geometry of the 

turning inserts. Nose radius essentially imparts edge strength and better heat dissipation at 

the tool tip but its main contribution is drastic reduction in the aforesaid surface roughness 

and by the simple relationship, 

    
8r

)S( = h
o

2

m  [4.3] 

where, hm is the peak value of roughness caused due to feed marks and r is the 

nose radius of the turning inserts. But too large r may induce or increase vibration by 

raising the transverse component, Px of the cutting force, if the M-F-T-W system is not 

enough rigid. 

The level of feed (So) directly and almost proportionally governs the surface 

roughness in machining by single point tools but the value of cutting velocity (Vc) also 

affects the pattern and extent of surface finish, though indirectly through deformation of 

the tool nose profile, BUE formation and vibration. 

Fig.3.15 and Fig.3.16 show the variation of Ra values of surface roughness after 

50 seconds of turning the Ti-6Al-4V alloy at different Vc-So combinations under dry, 

cryogenic cooling and HPC conditions by SNMG and SNMM inserts. Assuming 

sinusoidal distribution of surface roughness caused only by feed marks, the Ra values for 

the present inserts having 0.8 mm nose radius have been evaluated and found to be around 

2.2μm, 3.1μm  and 4.0μm for S o equal to 0.12, 0.14 and 0.16 mm/rev respectively. But 

the actual values of Ra have been much less than the aforesaid values. This might be due to 

the deformation of the tool nose in such a way that initially the tool nose radius effectively 

increased and then decreased sharply for irregular deformation of the cutting edge as was 

noted in SEM views of the used up inserts. 

Fig.3.15and Fig.3.16 clearly show that surface roughness as such increased with 

the increase in feed, So and decreased with the increase in Vc. Increase in So raised Ra 

mainly according to the equation 4.3. Reduction in Ra with the increase in Vc may be 

attributed to smoother chip-tool interface with lesser chance of built-up edge formation in 
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addition to possible truncation of the feed marks and slight flattening of the tool-tip. 

Increase in Vc may also cause slight smoothing of the abraded auxiliary cutting edge by 

adhesion and diffusion type wear and thus reduced surface roughness. It is evident in 

Fig.3.15 and Fig.3.16 that both cryogenic cooling and HPC could provide marginal 

improvement in surface finish at the beginning of machining with the fresh cutting edges. 

Surface roughness for each treatment was also measured at regular intervals while 

carrying out machining for tool wear study. It was found that surface roughness grew 

substantially, though in different degree under different tool-work-environment 

combinations, with the progress of machining. Comparison of the Fig.3.17with that 

Fig.3.13 reveals that the pattern of growth of surface roughness bears close similarity with 

that of growth of auxiliary flank wear, VS in particular. This has been more or less true for 

all the tool-work-environment combinations undertaken. Such observations indicate 

distinct correlation between auxiliary flank wear and surface roughness. Wear at the tool 

flanks is caused mainly by micro-chipping and abrasion unlike crater wear where adhesive 

and diffusion wear are predominant particularly in machining steels by uncoated carbides. 

The minute grooves produced by abrasion and chipping roughen the auxiliary cutting edge 

at the tool-tip, as has been indicated in Fig.4.3, which is directly reflected on the finished 

surface. Built-up edge formation also is likely to affect surface finish directly being 

particularly stuck to the cutting edge as well as finished surface and indirectly by causing 

chipping and flaking at the tool tip.Fig.3.17 clearly shows that machining Ti-6Al-4V alloy 

by both SNMG and SNMM type carbide inserts results sizeable surface roughness with the 

progress of dry machining but under both cryogenic cooling and high pressure conditions 

reduces the surface roughness.  
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Conclusions  

Based on the observations made and the experimental results obtained, the 

following conclusions are made: 

(a) Application of high pressure coolant jets not only can provide environment 

friendliness but also substantial technological benefits as has been observed 

in machining Ti-6Al-4V alloy by carbide tools. 

(b) Application of high pressure coolant jets in turning Ti-6Al-4V alloy showed 

some significant effects on the chip formation: 

 segmentation of the chip became more periodic and pronounced 

resulting in elongation of the chip and reduction in apparent chip 

reduction coefficient which was all along unusually less than 1.0 

 separation of segments occurred sharply by shear fracture rather than 

thermoplastic shear that occur in dry machining 

 reduction in microstructural change in the chips for effective cooling 

due to both cryogenic cooling and high pressure coolant conditions 

(c) The present high pressure coolant systems enabled reduction in average 

chip-tool interface temperature upto16% depending upon the tool geometry 

and cutting conditions and even such apparently small reduction, unlike 

common belief, enabled significant improvement in the major machinability 

indices. 

(d) Due to high pressure coolant jets, the form and colour of the chips became 

favourable for more effective cooling and improvement in nature of 

interaction at the chip-tool interface. 
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(e) High pressure coolant jets reduced the cutting forces by about 6% to 21%. 

Px decreased more predominantly than Pz. Such reduction has been more 

effective for those tool-work combinations and cutting conditions, which 

provided higher value of, chip reduction coefficient, ξ  for adverse chip-tool 

interaction causing large friction and built-up edge formation at the chip-

tool interface. Favourable change in the chip-tool interaction and retention 

of cutting edge sharpness due to reduction of cutting zone temperature 

seemed to be the main reason behind reduction of cutting forces by the high 

pressure coolant jets. 

(f) The cutting forces unusually remained unaffected by increasing in cutting 

velocity irrespective of feed and environment in machining Ti-6Al-4V 

seemingly for the absence of built-up-edge (BUP) formation and retention 

of yield strength of Ti-6Al-4V at elevated temperature. Unlike steels, Ti-

6Al-4V provided much lesser Px mainly due to lesser friction for absence of 

BUE and much shorter chip-tool contact length. 

(g) Cutting tool wear, flank wear in particular decreased substantially due to 

lesser loss of hardness of the tool and retardation of the temperature 

sensitive wear, like diffusion and adhesion. High pressure coolant jets 

application not only enhanced tool life but also enabled better surface 

quality mainly by reducing the damage of the tool nose in machining Ti-

6Al-4V alloy by both SNMG and SNMM type carbide inserts. 

(h) The geometry of cutting tools played significant role on the degree of 

improvement in machinability of the Ti-6Al-4Valloy by HPC application 

which becomes more effective when the tool geometry allows more 

intensive cooling of the chip-tool interface and the tool flanks. 

But, its further improvement is possible and necessary for. 

 More thinning and speeding of the jets 

 Penetrating and reaching the chip-tool interface more effectively 

 Creation another jet if possible, along the auxiliary cutting edge, 

which will reach the tool nose and is expected to improve tool life 

further as well as surface integrity and dimensional accuracy. 
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